Abstract. A number of clinical trials have demonstrated that the use of probiotics has the potential to prevent nosocomial infections. However, the mechanism underlying probiotic-induced anti-infection and sepsis remains to be investigated. In the present study, 200 µl/day of Lactobacillus rhamnosus GG (LGG) or normal saline (control) was orally administrated to 4-week-old C57BL6 mice 4 weeks prior to cecal ligation and puncture (CLP). A number of mice were sacrificed 24 h after CLP, and the remaining mice were used for survival studies. Ileum tissues were collected to evaluate the injury on the intestine. Blood samples were also obtained to investigate the changed metabolic pattern in mice that underwent different treatments using ultra-performance liquid chromatography coupled with quadrupole time-of-flight mass spectrometry (UPLC-QTOF-MS). In the survival studies, the mortality of CLP-induced septic mice pretreated with LGG was significantly lower compared with untreated mice (P= 0.029). Ileum mucosal damage was evident in the control septic mice. Based on the data of UPLC-QTOF-MS, phosphatidylcholines were increased and lysophosphatidylcholines (LPCs) that contained polyunsaturated fatty acids were decreased in septic mice, whereas saturated fatty acid LPCs reveal no significant difference between septic and sham mice. In addition, the metabolic profile in the septic mice pretreated with LGG was much closer to that of sham mice compared with control septic mice. The results of the present study suggest that probiotic pre-administration reduces the mortality in septic mice by decreasing ileum mucosal damage, increasing the gut barrier integrity and altering global serum metabolic profiles.
Introduction
Sepsis is one of the leading causes of mortality and morbidity in children and adults (1) . A hostile gut environment can always be found in patients with sepsis. Intestinal epithelium dysfunction and microbiota imbalance induced by critical illnesses results in increased translocation of bacteria to the blood, which contributes to the formation and aggravation of sepsis (2) . Probiotics, the living microorganisms colonizing in the intestine, bring benefits to the host through rebalancing microbiota, modulating intestinal barrier function (3), restraining tumorigenesis (4) and enhancing the immune system (5) . Currently, a growing number of articles have indicated the potential of probiotics in numerous diseases, including diarrhea (6), allergic diseases (7), inflammatory bowel disease (3) and sepsis (2) . However, the majority of these articles focus on evaluating the prevention and treatment effects of probiotics on diseases. Only a small number of studies attempt to explain the precise molecular mechanism underlying the beneficial effects of these microorganisms, including the regulation of gene expression (5) . Thus, there is a growing need for exploring the exact mechanisms underlying the protective effects of probiotics in different diseases. The present study sought to delineate the potential mechanism of pre-administered probiotic therapy in experimental sepsis using a C57BL6 mouse peritonitis model.
Metabolomics, one of the ̔-omics̓ technologies, can provide quantitative measures to distinguish global changes in the metabolic profiles of individuals responding to pathophysiological stimuli or genetic modification (8) . In the development of sepsis, metabolic disorder has been regarded as a key feature. Therefore, metabolomics will provide an effective way to identify sepsis, and assess prognosis and insight into the mechanisms of sepsis. In the present study, metabolic differences between serum samples from cecal ligation and puncture (CLP)-induced septic mice, septic mice pretreated with Lactobacillus rhamnosus GG (LGG) and sham mice were analyzed using ultra-performance liquid chromatography coupled with quadrupole time-of-flight mass spectrometry (UPLC-QTOF-MS).
Affiliated Hospital, Zhejiang University (Zhejiang, China). A total of 42 four week-old male C57BL6 mice (weight, 11 g) were purchased from Zhejiang University and housed in specific pathogen-free animal facilities under a standard 12-h-light/12-h-dark cycle at room temperature with relative humidity between 50 and 60% and ad libtum access to food and water. Standard mouse diet and water were administered throughout the study. The probiotic capsule contains  280 mg inulin powder and 10 10 colony forming unit (CFU) LGG (Culturelle; ConAgra Foods, Omaha, NE, USA). High performance liquid chromatography-grade acetonitrile, leucine-enkephalin and formic acid were purchased from Sigma-Aldrich (St. Louis, MO, USA). Deionized water was obtained from an ultrapure water machine (Merck Millipore, Bedford, MA, USA). All standard samples were purchased from Sigma-Aldrich.
Reagents and materials.
Probiotic administration and septic peritonitis model. Four week-old male C57BL6 mice were orally gavaged with 200 µl/day LGG (2x10 9 CFU/ml) or normal saline (control) 4 weeks prior to CLP. To establish the murine septic peritonitis model, the mice were anesthetized with an intraperitoneal injection of 4% chloral hydrate (10 ml/kg). A 1-cm incision was made in the middle of the abdomen and the cecum was then exposed carefully through the incision. In order to induce mid-grade sepsis, the cecum was ligated at the middle of the bottom and distal pole, and was punctured from the mesenteric towards the antimesenteric direction using a 23-gauge needle. A droplet of faeces was extruded through the holes, and the cecum was relocated into the abdominal cavity. Finally, the fascia and skin incision were closed in various layers. The mice in the sham group underwent the same procedure but without the cecum ligation and puncture. In all of the mice, 1 ml pre-warmed normal saline was injected subcutaneously following CLP surgery (9) .
Survival studies. Survival studies were conducted in order to determine whether LGG pretreatment decreases the mortality resulting from CLP-induced sepsis. Mice pretreated with LGG (n=8) or normal saline (n=8) for 4 weeks were subjected to CLP. Sham mice (n=5) underwent sham laparotomy. Following the operation, all mice had free access to water and food and were closely observed for a 7 day survival rate.
Histological study. Ileum tissues were collected from mice (n=21) 24 h after CLP operation and fixed in 10% formalin for 24 h. The fixed ileum tissues were embedded in paraffin and sectioned at 4 µm. The sections were stained with hematoxylin and eosin for histological observation in order to examine the pathology of intestinal injury induced by CLP.
Blood sample collection and preparation. Blood samples were obtained at 24 h from the orbital vein of the mice following CLP. In all of the mice 1 ml of blood was introduced in the EP tube without any anticoagulant substances. The blood collected was kept at 4˚C for 3 h prior to centrifugation (3,000 x g, 5 min, 4˚C), then carefully absorbed and injected into a clean EP tube and then stored at -80˚C.
Prior to the metabolomics analysis, the serum sample was thawed at room temperature. In order to precipitate the protein in the serum sample, 200 µl sample was added into 600 µl ice-cold acetonitrile. Next, the mixture was vortexed and centrifuged at 12,000 x g for 15 min and 4˚C. Finally, the supernatant was moved into a glass bottle and stored at 4˚C for UPLC-MS analysis. To evaluate reproducibility and stability of the UPLC-MS system, 10 µl of each sample was added into a bottle to generate a pooled quality control sample, which was inserted every five samples throughout the run. The stable retention times and tight overlap of the peaks reveal high repeatability and stability of the analytical system.
UPLC-QTOF-MS analysis.
The sample analysis was performed using an acquity ultra-performance liquid chromatography system (Waters Corporation, Milford, MA, USA) with a conditioned autosampler at 4˚C. A 5 µl sample was injected into a Waters BEH C8 column (2.1x100 mm, inner diameter x length, 1.7 µm particle size) and kept at 50˚C with a thermostat. Mobile phases, delivered at 300 µl/min, were formed of 0.1% formic acid and 99.9% water (A), or 0.1% formic acid and 99.9% acetonitrile (B). The gradient elution program was as follows: 97% A in the initial 0-7 min followed by 20% A in 8 min and consequently 2% A in 16 min. The conditions were kept constant for 5 min and then changed to 100% B in 50 sec and maintained for 3 min. Next the compound was returned to 97% A in 25 min and kept for 5 min.
Mass spectrometry (Waters Q-TOF Premier) detection was performed in the positive electrospray ionization mode. The apparatus was previously calibrated using sodium formate. A lock mass of leucine enkephalin was used for an accurate mass determination setting at m/z 556.2771 in the positive ion mode. The concentration of leucine enkephalin was 0.5 ng/µl. The detection parameters were optimized as follows: Capillary voltage of 3 kV and cone voltage of 40 V. The scan time was 0.3 sec covering the 50 to 1,000 Dalton mass range. The source temperature was set to 120˚C and the desolvation gas temperature was 450˚C. Nitrogen was used as the nebulizer gas at a flow rate of 600 l/h.
Data analysis.
The UPLC-MS data collected in positive ion mode were obtained and preprocessed using the Masslynx software version 4.1 (Waters Corporation). This application was used for peak alignment to obtain a list containing the m/z, retention time and intensities for all peaks detected. The preprocessed data were exported and analyzed using the SIMCA-P+12.0 (MKS Umetrics AB, Umea, Sweden). All the data were normalized and Pareto scaled prior to a supervised partial least-squares-latent structure discriminate analysis (PLS-DA). PLS-DA was used to highlight the difference between groups and obtain metabolites that contributed to the classification. Potential biomarkers were identified according to the ̔variable of importance in the project̓ (VIP) values and S-plots. To further identify the potential biomarkers, PubChem compound (http://www.ncbi.nlm.nih.gov/) and KEGG (http://www.genome.jp/kegg/) databases were searched in order to match the selected ion spectrum with the message of metabolites obtained from databases. MS analysis was conducted to validate the potential biomarkers.
Statistical analysis. The homogeneity of variances was verified using Bartlett's test. One-way analysis of variance (with post-hoc Bonferroni) was then performed to compare the spectral variables among different serum samples. Survival studies were conducted via the log-rank test. P≤0.05 was used to indicate a statistically significant difference. Statistical analysis was conducted using GraphPad Prism version 5.0 (GraphPad Software, Inc., La Jolla, CA, USA).
Results
LGG reduces mortality in septic peritonitis. To determine whether LGG pretreatment will decrease mortality in experimental peritonitis-induced sepsis, 8 LGG pretreated mice and 8 control mice were subjected to CLP, and were observed for a 7 day survival rate (Fig. 1) . Septic mice pretreated with LGG had a significantly improved 7 day survival rate compared with the control septic mice (P=0.029). Furthermore, 5 sham mice survived.
Alleviation of injury in intestinal mucosa occurred following treatment with
LGG. Ileum tissues in sham mice were histologically normal in all layers ( Fig. 2A) . In control septic mice, the lamina propria was almost entirely digested and disintegrated accompanied with exfoliating villi that made the epithelial structure difficult to identify (Fig. 2B) . In LGG pretreated septic mice, although the lamina propria was exposed to exfoliating villi the epithelial appearance was regular with a large number of crypts (Fig. 2C) . Ileum mucosal damage can evidently be observed in septic mice. Furthermore, the damage in septic mice pretreated with LGG was less compared with the control septic mice. In addition, marked differences were observed in the mucosal thickness, villi number and length amongst the LGG pretreated septic, control septic and sham mice.
Results of the UPLC-MS analysis.
Low-molecular-weight metabolites in the serum of the sham, septic mice pretreated with LGG and control septic mice are presented in base peak intensity chromatograms (Fig. 3) . Compared with the sham mice, it was evident that the levels of a number of metabolites increased (hollow arrow) in the septic mice while others decreased (black arrow). However, compared with the control septic mice, the peak patterns in septic mice pretreated with LGG were more similar to those in sham mice (box), indicating that early therapy with LGG can normalize the metabolic profile in septic mice.
PLS-DA analysis of UPLC-MS data.
In order to demonstrate the difference of the metabolic profile amongst the three groups, a supervised PLS-DA method was used to analyze the multivariate data. As shown in Fig. 4 , where each point represents an independent sample, there was a distinguished classification among all three groups. In-group similarity was observed in each group, and the three distinct clusters represented the LGG pretreated septic mice, control septic mice and sham mice that were clearly demonstrated on the PLS-DA scores plot indicating metabolic differences among the three groups. In addition, the distance between LGG pretreated septic mice and sham mice was closer compared with the distance between control septic and sham mice, indicating a shift towards a normalized metabolic profile in the septic mice pretreated with LGG.
Candidate biomarker identification.
According to the results of the VIP values (the top 19 VIPs) and the S-plot, 19 metabolites were selected as candidate biomarkers (Table I) . Besides the S-plot, different metabolites that significantly contribute to the separation of the three groups were identified among LGG pretreated septic, control septic and sham mice. The PubChem compound and KEGG databases were searched to compare the MS data using chemical standards, and the results were used to help us identify potential biomarkers. The biomarkers identified are summarized in Table I . The levels of two groups of biomarkers-lysophosphatidylcholines (LPCs) and phosphatidylcholines (PCs) were different between the septic and the sham mice. Amongst them, PCs were increased and LPCs that contain polyunsaturated fatty acids were decreased in septic mice, whereas saturated fatty acid LPCs demonstrated no significant difference between the septic and sham mice. The difference between LGG pretreated septic mice and sham mice were less compared with the control septic and sham mice, although 19 discriminating metabolites revealed an unclear distinction between LGG pretreated septic and control septic mice (P>0.05).
Discussion
Growing evidence indicates that human physiology and metabolism are regulated by intestinal microbiota (10) . Consisting of different species of bacteria, the intestinal microbiota is important in maintaining integrity of the epithelial barrier and participating in mucosal immunity (11) . However, bacteremia may result from an imbalanced intestinal microbiota of a patient when critical illness occurs (12) . Probiotics can provide health benefits and protect the body from diseases that may attribute to their ability to rebalance the microbiota, and as a consequence affect metabolism (10) . However, a series of clinical trials have demonstrated that probiotic administration does not reduce mortality rates in patients with a critical illness effectively (13-16). One possible reason for this is that probiotic administration is not provided as early as possible. In Figure 1. LGG decreases the mortality in cecal ligation and puncture (CLP)-induced sepsis. Four-week-old male C57BL6 mice pretreated with LGG (n=8) or saline (n=8) for 4 weeks were subjected to CLP. Sham mice (n=5) underwent sham laparotomy. Following surgery, all mice were observed for a 7 day survival rate. A total of 5 sham mice survived. * P= 0.029.
LGG, Lactobacillus rhamnosus GG.
the present study on septic mice, probiotics were administered orally prior to infection to prevent the progress of sepsis. The data demonstrated a significant reduction in mortality rate and an enhancement of ileum epithelial integrity in probiotic pretreated septic mice compared with control septic mice, indicating that early administration of probiotics has a protective effect against infection.
In the present study, 1,714 peaks were detected in the serum samples using UPLC-MC. According to PLS-DA, three distinct clusters represented the three different groups observed. Each LGG and (C) control septic mice. Compared with the sham mice, a number of metabolites were increased in septic mice (hollow arrow) while others were decreased (black arrow). In addition, compared to the control septic mice, the peak patterns in septic mice pretreated with LGG were more similar to the sham mice (box). LGG, Lactobacillus rhamnosus GG; UPLC-MS, ultra-performance liquid chromatography mass spectrometry. Table I . Serum biomarkers associated with sepsis. (17) . They are important in establishing a hydrophobic surface of mucus, which protects the intestinal epithelial cells against commensal bacteria from the intestinal lumen (18) . In a patient with ulcerative colitis (UC) whose PC level in the mucus had significantly decreased due to inflammation, added PC elevated the concentration of PC in the mucus. As a result, inflammation improved and even resolved in patients with UC (19) . The data indicate the important role of the mucus PC in barrier function. During the process of inflammation, a series of pro-inflammatory mediators, including the cytokine tumor necrosis factor (TNF) are released by intestinal epithelial cells (20) . TNF results in increasing intestinal permeability (21) , inhibition of nutrient absorption (22) , and alteration of cell events (23). Exogenous addition of PC attenuated the level of serum cytokines (TNF-α and interleukin-10), and markedly inhibited the processes induced by cytokines such as TNF (17) . In the present study, the PC concentration that was significantly elevated in septic mice compared with sham mice indicates an anti-inflammatory effect of PC. However, the level of PC (16:0/18:2-PC) in LGG pretreated septic mice were lower compared with the control septic mice, suggesting that LGG pretreatment may reduce the inflammatory response.
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The majority of LPCs are derived from PCs, and are formed through different mechanisms (24) . A number of them are catalyzed by the glycoprotein lecithin cholesterol acyltransferase (25) , whereas others are synthesized from PC hydrolysis via the secretory phospholipase A2 family (26) . Although LPCs are typically regarded as pro-inflammatory mediators, they were increased in inflammatory diseases (27, 28) . A previous series of studies have demonstrated a protective effect of LPCs against diseases, including type 2 diabetes (29), cancer (30) and inflammatory diseases (31) .
In the results of the present study, LPCs that contain polyunsaturated fatty acids were decreased in septic mice, whereas saturated fatty acid LPCs demonstrated no significant difference between septic and sham mice. Furthermore, unsaturated LPCs combine with the albumin in blood plasma, causing polyunsaturated fatty acids to move into organs where fatty acids are rich, such as in the brain. Therefore, unsaturated LPCs primarily associate with albumin instead of lipoproteins (32) . Furthermore, a number of studies indicated that the rate of albumin degradation and albumin loss in tissue increased in patients with critical illnesses, such as sepsis (33) (34) (35) . In addition, the concentration of albumin would return to normal values (32) as soon as the infection was controlled. Compared with control septic mice, the level of unsaturated LPCs obtained from the septic mice with LGG pretreatment in the present study was much closer to those in sham mice, indicating that LGG may reverse the progress of sepsis by elevating albumin in the blood plasma. In addition, one of the possible explanations for a non-significant difference existing in saturated LPCs between septic and sham mice may be the different role that different LPC subtypes serve during sepsis.
In conclusion, the potential impact of live probiotic therapy on the improvement of the survival rate in experimental septic mice was demonstrated in the present study. This improvement was associated with reduced ileum mucosal damage, increased gut barrier integrity and altered global serum metabolic profiles.
